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(Compare this reaction with addition to the carbonyl group of an aldehyde or ketone.) 
The resulting addition products aj"e .stable in some cases; but in most of the reactions 
we shall study, they read further. 

Like aldehydes and ketones, carboxylic acid derivatives undergo certain reactions 
involving the a-carbon. The ^-carbon reactions of all carbonyl compounds are 
grouped together in Chapter 22. The reactivity of amides at the nitrogen is discussed 
in Sec 23.11C. 



21.7 HYDROLYSIS OF CARBOXYLIC ACID DERIVATIVES 



A. Hydrolysis and Cleavage of Esters 

Saponification of Esters All carboxylic acid derivatives have in common die fact 
mat rhey undergo hyviwfystete cleavage reaction with water>to yield earboxylic acids. 
One of the most important oF these reactions is die hydrolysis of esters in base lo yield 
carboxylate salts and alcohols. Hie earboxylic acid itself is formed when mineral acid 
is subsequently added to the reaeiion mixture. 



QyjOCH, 





+ QH- 2 ^ Na °"» 



MCI 




(21.9) 



<0 2 

(90-96% yield) 



CD 

m 

CO 

Esrer hydrolysis in aqueous hydroxide is called saponification because it is^ 
used in the production of soaps from Fats (Sec. 21.12BJ. Despite its association wtth^ 
fairy-acid chemistry, rhe rerni saponification is sometimes used to refer to hydrolysis J> 
in base of any acid derivative. — 

The mechanism of esrer saponification involves attack by the nucleopliilic hy- ^ 
droxide anion to give a letrohedrnl addition intermediate from which an alkoxide ion £0 
is expelled. 



R— C— OCH, 

%6h ' 



R— fT 

:OH 

tetrahedral 
addition intermediate 



R — C^OH + ":OCHj (21.10a) 



m 
o 

D 
3 



The nlkoxide ion thus formed (methoxide in the above example) reacts with the acid 
to give the carboxylate salt and the alcohol. 



R— C— O— H + - : OCH 
pK h =4.5 



3 *r* R— 6 r + 



H— OCH* (21.10b) 
p*T, = 15 



■■m 
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574 Chapter 21 : Chemistry of Carboxylic Acid Derivatives 



The equilibrium in this reaction lies far to the right because the carboxylic acid Us a 
much stronger acid than medianol. Once again wc see LeChatelier's principle at work: 
the reacuon in Eq. 21.10b removes the carboxylic acid from the equilibrium in l£q. 
21.10a as its salt and thus drives me hydrolysis to completion. Hence, saponification is 
effectively irreversible. Although an excels of hydroxide ion is often used as a matter of 
convenience, many esters can be saponified with just one equivalent of OH. The 
equilibrium for saponification is so favorable that it can be conducted in an alcohol 
solvent, even though alcohol is one of the saponification products. 

Acld'Catelyzed Ester Hydrolysis Since esterification of an add with an alcohol is 
a reversible reaction (Sec. 20.8A), esters can be hydrolyzed to carboxylic acids in 
aqueous mineral acid. In most cases this reaction is slow and must be carried out with 
an excess or water, in which most esters are insoluble. Saponification, followed by 
acidification, is a much more convenient method for hydrolysis of most esters because 
it is faster, it is irreversible, and ir can be carried out not only in water, but also in a 
variety of solvents — even alcohols. 

Let us contrast the mechanisms of ester hydrolysis in acid and base. By die princi- 
ple of microscopic reversibility (Sec. 10, 1A)i the mechanism of acid-catalyzed hydroly- 
sis is the exact reverse of acid-catalyzed csteriflcation CSec. 20.8A): 



— C— OCH, *^±- 



ej».. 

R— C— OCM 3 



profanation 
step 



R— C— OCH* 
carbocaiion 



I 

R— C= 



=OCH 3 



j. 



H 2 0: (21.1U) 



OH OH 
R— C— OCH, R— C — OCH, 



OH 2 



OH 
T1 2 <D | 

R— C— OCH 3 



:OH 



(21.11b) 



CD 
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cn 
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o 

3 



nucleophilic 
attack step 



OH ^ ^ 0 

r — <j: — 0CH3 < » 

OH + 



OH H 
R— C— OCH 3 
OH^ 



r iO — H 
Cl 
R — C — OH 

■+■ 



r\ ■ 
T"' 

R— C— OH 



:OU 2 



CH^OH 



R-C-OH + H*b + (21-Hc); 



When a strong acid is present, the carbonyl oxygen is protonated. This protonation J 
gives the carbonyl carbon more carbocarion ciiaracler CEq. 21.11a). because there : is| 
considerable positive charge on the carbonyl carbon, it is readily attacked by ^ 
relatively weak Lewis base (nudeophile) water (Kq. 21.11b). From the saponificat^| 
mechanism in Eq. 21.10, we see that in base, the carbonyl oxygen is not protona^ 
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and ihe carbonyl carbon therefore has less caroocation character. Hence it takes a 
stronger base Than water — hydroxide ion — to react with the carbonyl group (Eq. 
21.10a). 



Some students try xct combine elements of ihe acidic and basic mechanisms by 
protonating the carbonyl group nnd then attacking it with hydroxide. 



R-C-0CH3 ^=*^ [a— c-och, R— C-OCH3 



-:oh T 

R— C— OCH 3 (21.12) 



not a correct mechanism 



1 



Although this mechanism looks as if it ought to be especially anractivc, it is not correct 
because a solution cannot be acidic enough toprvlonale the carbonyl oxygen and 
basic enough to contain substantia! hydroxide ion at ihe same time. Reactions that 
require relatively strong adds (such as H 3 0 + ) typically involve relatively weak bases 
(such as H 2 0) ; mictions that require relatively strong bases (such as OH ) involve 
relatively weak acids (such as H2O). Tills same point was made in Sec. 19.7A, where 
we discussed mechanisms of carbonyl-addilion reactions. 



Acidic Cleavage of Tertiary Esters as we have just seen, the hydrolysis of ordinary 
esters in aqueous acid involves attack of water at the carbonyl group. Esters derived 
from tertiary alcohols, such as f-butyl esters, are also converted rapidly by acid into 
carbaxylic acids, but by a different mechanism. Consider, for example, cleavage of the 
following /-butyl ester by anhydrous I1C1. 



HCKg) + CH 3 CH 2 CH 2 CH^CH 2 



O 



-C-CH, 
CHj 



CHjCHjCHoCHiCHz 



O CH 3 

—01 1 + cm — c — ci 



(21.13) 



CH 3 



CD 
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CO 
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I 



CD 
|— 

m 
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O 

3 



As ihis example illustrates, conversion of tertiary esters into carboxylic acids does not 
even require water (although water can be present). 

The first step in the mechanism of this reaction is the same as in mechanisms 
involving acid-catalyzed carbonyl substitution: protonation of the ester carbonyl oxy- 
gen, as in Kq. 21.11a. However, here the similarity to carbonyl substitution ends. The 
proronated ester undergoes a simple S N 1 reaction to give the carboxylic acid and a 
relatively stable tertiary carbocation: 



IE 
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i 

CI I.i 
protonated ester 



:OH 
I 

R — C=0 



(pi., 
CH, 

a tcrliury 
carbocntion 



(21.14a) 



This cation undergoes the usual carbocation reactions — for example, aciack by a nu- 
cleophile. 



H 3 



: CI— C— CH 3 



CH 3 



(21.14b) 



Notice that cleavage of tertiary esters by this mechanism involves breaking the 
alkyl-oxygm hand (Eq. 21.14a). In contrast, acid-catalyzed ester hydrolysis by the 
carbonyl substitution mechanism involves breaking xhc carbonyloocygen bond (Eq, 
21,1 lc). Thus, the mechanism of tertiary ester cleavage does not conveniently fit into 
nny of the categories discussed in Sec. 21.6. Rather, it is more like the S N 1 mechanism 
for substitution in a tertiary alcohol. (Compare liqs. 21.l4a,b with Eqs. 10.14a-c.) 
Esters of primary and secondary alcohols do not cleave by this mechanism, because 
the cations that would he formed are much less stable. 



Problem 



CD 

m 

CO 
H 

i 

CD 

r~ 
m 

o 

3 



$ Give the products of the following reactions, including the fate of the l8 0 isotope 

CO* = lfi O): 

(a) 0 

cn 3 — ii—o— ch* + H 2 ry 

(b) O 

CH 3 — C— O— C(CH 3 )3 + H 2 0" 

Hydrolysis end Formation of Lactones because lactones are cyclic esters, they 
undergo many of die reactions of esters, including saponification. Saponification con- 
verts a lactone completely into the salt of the corresponding hydroxy acid. 



? 



CH 2 — CH 2 



0 +-0H 




CH 2 
CH 2 — CH2 — OH 



(21.15) 



Upon acidification, the hydroxy acid fomis. However, if a hydroxy acid Is allowed to 
stand in acidic solution, it comes to equilibrium with the corresponding lactone. The 
formation of a lactone from a hydroxy acid is nothing more than an intramolecular 
esterificaiion (esterifjeation within the same molecule) and, like esterification, the 
lactonization equilibrium is acid catalyzed. 
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C— OH 





+ H 2 0 



Km 



160 



(2L16) 



C— OH 



OH 





f V+H,0 tf„«3.3 (21.17) 



As the examples in £qs. 21.1 6 and 21.17 illustrate, lactones containing five- and 
.six-meinbered rings are favored at equilibrium over dteir corres-pontlinR hydroxy 
acids Although lactones with ring size* smaller than five or larger than six ai* well 
known diey are less stable man their corresponding hydroxy acids. Consequently, the 
lactonization equilibria for these compounds favor instead the hydroxy acids. 



i- 

OH 



OH 



H* 



\j + H 2 0 



(almost no lactone present 
at equilibrium) 



(21.18) 



B. Mechanisms of Substitution at the Carbonyl Group 

The mechanisms of ester hydrolysis reactions in acid and base are wonh special 
attention for a very important reason: Most of the carbonyLsubstitution motions uv 
shall study-not only hydrolysis reactions, but other substitution reactions as uvll- 
prvceed by analogous mechanisms. Hence, if we understand ester hydrolysis, wc 
understand most of the other carbonyl-substituiion reactions that we shall encounter. 

ljet us generalize: subsiitudon reactions at the carbonyl group occur by two types 
of mechanisms. Under basic conditions, a nucleophile (Nue = ") attacks the carbonyl 
carbon to give a tetrahednd addidon intermediate in which the carbonyl oxygen 
assumes a negative charge, The leaving group X : ~ is then expelled from the tctrahe- 
dral intermediate. 



R — C — X 



:0!T 

Nuc 
tetrahedr.il 
addition intermediate 



R — C— Nuc + X : 



(21.19) 



in ester saponificauon, for example,- :Nucis-OH,andX:-isthe OR group of the 

ester. , _ . r . . 

Under acidic conditions, the carbonyl is first protonated. This proton ation im- 
parts cattonic character to the carbonyl carbon. This carbon is then attacked by a 
relatively weak base : Nuc — H to form a ictrahedral addition intermediate. After pro- 
ton transfer to the leaving group —X, it is expelled as H X. 
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I— C— X « — » 



07 
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0 



> 

13 



R — C — > 



;0— H 
I 



: O — H 
I 



X > R — C — X f • > R — C — X Y R — 

+ Nuc T H : 



;0— H 
^ — (J: — x + 

: Nuc 



: ? -H 
^Nuc 



<:o-H :0->H ) 

— C— Nuc * R — C— N 



+ - X — H 



+ » R — C— Nuc + H3O* (21.20) jj 



In acid-catnlyzed ester hydrolysis, for example, : Nuc — H is HO — II, and X — H is the 
alcohol product RO — H. 

Notice how each subsequent enrbonyl substitution reaction thai we consider falls | 
into one of these categories. 

C. Hydrolysis of Amides 

Amides can be hydrolyzed to carboxylic acids and ammonia or amines by heating 
them in acidic or basic solution. 



CH 3 CH 2 < 



Ph O Ph O 

i H C_ N j. + H >0 55 ^ "; SOj i» CH,CH 2 CHC— OH + Nil, HSOJ (21.21) 

(88-90* yield) 



heal, 2 hr 



In arid, proronarion of l he ammonia or amine by-product drives the hydrolysis equi- ^ 
librium ro completion The amine can be isolated, if desired, by addition of base to the 
reaction mixture following hydrolysis, 



pro tan a ted amine 

NH— C— CH 3 + NH^ Cl~ 

^Br ^A^Br 

HC1.H 2 Q fi "T OH " . 






+ H 2 0 + a* (21.22) 



CH, 



+ CHjCOiH 



Cll 3 
(60-67% yield) 



Hydrolysis of amides in base is analogous to saponification of esters. In base, the ^ 
reaction is driven to completion by formation of the carboxylic acid salt. 



+ CH 3 COj K + (21-23); 



OCH 3 
(95-97% yield) 
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